Quasiperiodic (QP) emissions are electromagnetic waves in the frequency range of about 0.5-4 kHz observed in the inner magnetosphere that exhibit a periodic time modulation of the wave intensity, with modulation periods from a few seconds up to 10 min. We present results of a detailed wave analysis of nearly 200 events measured by the low-altitude Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions (DEMETER) spacecraft. Upper frequency range of studied emissions was limited to 1 kHz due to the sampling rate of the analyzed data. It is found that QP emissions propagate nearly field aligned at larger geomagnetic latitudes; they become more oblique at midlatitudes and eventually perpendicular to the ambient magnetic field at the geomagnetic equator and thus perpendicular to the Earth's surface, allowing their downward propagation through the ionosphere. The observed propagation pattern is consistent with the source of emissions located in the equatorial region at larger radial distances.
Introduction
Quasiperiodic (QP) emissions are whistler-mode electromagnetic waves observed in the inner magnetosphere, mostly on its dayside. The amplitude of these waves has a periodic time modulation. We have analyzed QP events with modulation periods more than 10 s. Such QP emissions can be, according to Sato et al. [1974] , divided into two classes. Emissions of the first class (QP1) are associated with ULF magnetic field pulsations and the intensity modulation is a result of the whistler-mode wave growth in the generation region being periodically modulated by the pulsations [Kitamura et al., 1968; Sato and Kokubun, 1980; Sato and Fukunishi, 1981; Sazhin, 1987] . Emissions of the second class (QP2) are observed in the absence of ULF magnetic field pulsations. Generation of these emissions was explained in the frame of relaxation oscillations of the cyclotron instability [Bespalov and Trakhtengerts, 1976; Davidson, 1979] or as a result of the autooscillation regime of wave generation [Demekhov and Trakhtengerts, 1994; Pasmanik et al., 2004] . QP events might be associated with precipitation of high-energy electrons [Kitamura et al., 1969; Sato et al., 1974; Manninen et al., 2012 Manninen et al., , 2014 . Simultaneous observations of QP emissions and precipitating energetic electrons by the Detection of Electro-Magnetic Emissions Transmitted from Earthquake Regions (DEMETER) spacecraft were reported by Hayosh et al. [2013] , confirming a suitability of such generation mechanism.
Temporal and spatial properties of QP emissions were experimentally analyzed in case studies and statistical surveys, using both ground-based and satellite data [Ho, 1973; Kimura, 1974; Tixier and Cornilleau-Wehrlin, 1986; Morrison et al., 1994; Hayosh et al., 2013; Němec et al., 2013a] . The reported modulation period varies from several seconds to several minutes. The emissions may be observed for up to several hours, at L shells from about 2 to 8 and in a frequency range of 500 Hz-4 kHz [Helliwell, 1965; Carson et al., 1965; Morrison et al., 1994; Engebretson et al., 2004; Manninen et al., 2013] . However, the wave propagation parameters of QP emissions were estimated only for a few events [Němec et al., 2013a [Němec et al., , 2013b ].
In the present study, we statistically analyze the wave propagation parameters based on the DEMETER spacecraft data, and we attempt to explain the observed dependencies. The used data set and the analyzed characteristics of QP emissions are described in section 2. The obtained results are presented in section 3. Finally, section 4 contains a brief discussion and summary of the main results.
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Data
The French microsatellite DEMETER was launched in June 2004, and it was operated until December 2010. The spacecraft had a nearly Sun-synchronous circular orbit (LT ≈ 10.30 and ≈ 22.30) at an altitude of about 700 km. It performed 14 orbits per day, providing measurements at geomagnetic latitudes from À65°to 65°. We have used the list of 2264 QP events identified in the DEMETER data collected from 2004 to 2010 [Hayosh et al., 2014] . A detailed analysis of the wave propagation and polarization characteristics requires simultaneous measurements of all six components of the electromagnetic field [Santolík et al., 2006a] . Such data were measured by DEMETER in the Burst mode. The frequencies lower than 1 kHz were selected by a low-pass filter and recorded with the sampling frequency of 2.5 kHz [Parrot et al., 2006; Berthelier et al., 2006] . However, the Burst mode was turned on irregularly, mostly above regions of a special interest. This limits our analysis to only 196 QP events. Note that the data for all frequencies were combined in a single data set. Given the applied intensity threshold, the frequency ranges of the individual events and the time durations of the burst mode intervals, the final data set contains in total over 4 million data points.
The wave analysis is done in a coordinate system linked to the local magnetic field B 0 . The z axis is oriented along B 0 ; the x axis is in the local meridian, and it points toward larger L values, and the y axis completes the orthogonal system. The wave vector direction and the ellipticity of the magnetic field fluctuations were determined using singular value decomposition of the spectral matrix [Santolík et al., 2003] . The direction of the wave vector k is characterized in spherical coordinates by the polar angle θ kB and the azimuthal angle φ kB . The value of θ kB varies between 0°and 180°with respect to B 0 and the value of φ kB varies between 180°a nd À180°, with the value of 0°corresponding to the direction of increasing L. The absolute value of ellipticity is defined as the ratio of the minor to major axes of the polarization ellipse, and its sign corresponds to the polarization sense [Santolík et al., 2002] . For left-handed circularly polarized waves the ellipticity is thus equal to À1; a value of 1 corresponds to the right-handed circular polarization. The ellipticity of linearly polarized waves is equal to 0. The Poynting vector is calculated from electromagnetic cross spectra using method of Santolík et al. [2001] . Analogically to the wave vector, its direction is defined by the polar angle θ pB and the azimuthal angle φ pB . Values of θ pB < 90°correspond to the parallel propagation with respect to B 0 , while values of θ pB > 90°correspond to the antiparallel propagation.
Results
Each of the selected 196 QP events was analyzed in detail. First, frequency-time spectrograms of the power spectral densities of the wave electric and magnetic fields were plotted for each event. Based on these spectrograms, the time intervals corresponding to the QP emissions and their frequency ranges were manually determined. The wave analysis is limited to the frequencies lower than 1 kHz due to the limitations of the Burst mode multicomponent data. Second, electric field power-spectral density thresholds were selected separately for each event in such a way that background was below these thresholds, while QP emissions were more intense than these thresholds. The thresholds varied between 10 À7 and 10 À4 mV 2 m À2 Hz À1 throughout our data set. This allowed us to select only frequency-time intervals corresponding to the QP elements. The appropriate spectral matrices were calculated using a discrete Fourier transformation computed over time interval of 768 six-dimensional samples, with 50% overlapping, and averaging over four neighboring time intervals. These spectral matrices have been used as input data in the procedures for the calculation of the wave propagation parameters. Finally, the propagation properties calculated for all 196 events were combined in one data set for the purpose of this study. The geomagnetic latitude of the measurements is the main controlling factor of the observed propagation properties. We thus classify the observations according to their geomagnetic latitude in 2°large bins, and we evaluate the probability density function of each analyzed propagation parameter in each latitudinal bin. This approach allows us to effectively combine all 196 events in one plot per each propagation parameter.
An example of QP emissions measured by DEMETER on 13 December 2006, along with the results of the wave analysis, is presented in Figure 1 . The calculated values of the wave parameters are color coded as a function of frequency and time. The times and locations of the measurements are given on the abscissa axis. The total observed duration of the event was about 12 min, but the Burst mode required for the detailed wave analysis was turned on only between 0823.50 and 0827.00 UT (the time interval shown in the figure). The spacecraft was located in the Northern Hemisphere and moving southward. The geomagnetic latitude decreases from~45°to~35°, corresponding to L shell variation from about 2.2 to 1.6. is oblique to B 0 (30°≤ θ kB ≤ 70°) during the whole time interval. The values of φ kB are close to ±180°, corresponding to the orientation toward lower L shells. The ellipticity of the polarization of magnetic field fluctuations is larger than 0.5, corresponding to the right-handed almost circularly polarized wave (Figure 1e ). The angle θ pB varies between about 20°and 50° (Figure 1f ). Taking into account the orientations of both wave and Poynting vectors and the Earth magnetic field, we can summarize that the waves propagate obliquely to the ambient magnetic field, toward the Earth (deviating toward lower L shells) and becoming slightly more oblique at lower geomagnetic latitudes.
The statistical distribution of the angles θ kB and φ kB as a function of the geomagnetic latitude is color coded in Figures 2a and 2b , respectively. The probability density function was estimated in such a way that its integral over the entire range of the angle values in any given latitudinal bin is equal to 1. White areas at some latitudes are due to data gaps caused by limited data coverage of the Burst mode measurements. It can be seen in Figure 2b that the azimuthal angles of the wave vector direction are mostly close to ±180°; i.e., the wave vectors are generally oriented toward lower L values and toward the Earth. The distribution of wave normal angles plotted in Figure 2 is symmetric about the geomagnetic equator, as one would expect.
The wave vectors of QP emissions observed at larger geomagnetic latitudes are found to be nearly fieldaligned and oriented again toward the Earth. Namely, θ kB >~150°at the latitudes <~À60°, and θ kB <~30°a t the latitudes >~60° (Figure 2a ). The wave vectors at lower geomagnetic latitudes become gradually more oblique with respect to local field line. The wave normal angle increases abruptly at the geomagnetic latitudes of about ±50°, and the wave vectors are nearly perpendicular to the ambient magnetic field at lower geomagnetic latitudes. It would appear that at the geomagnetic equator the waves propagate principally perpendicular to the ambient magnetic field. Note, however, that the number of data in the analysis at geomagnetic latitudes lower than about 20°is extremely limited. 
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The distribution of angles θ kr and φ kr with respect to the radial direction is color coded in Figures 2c and 2d , respectively, as a function of the geomagnetic latitude. Z axis in this case directs radially toward the center of the Earth, x axis directs to the geomagnetic south, and y axis is oriented westward. The θ kr angle then represents the deviation of the wave vector from the downward vertical direction. The φ kr angle shows the azimuth of the wave vector around the vertical direction. The wave vector points southward for φ kr = 0°, and it points westward for φ kr = 90°. The obtained results indicate the predominant downward propagation, with inclination toward the equator in midlatitudes.
The results obtained for the Poynting vector direction are shown in Figure 3a . According to the basic theory of electromagnetic waves in plasmas, the azimuthal angles of the Poynting vectors should be the same as the azimuthal angles of the wave vectors. We thus do not plot their distribution, and we only mention that this expectation is confirmed when we evaluate the Poynting vector directions experimentally. The distribution of the values of Poynting vector polar angles θ pB shown in Figure 3a is again in agreement with the results obtained for the wave normal angles and the theory of electromagnetic waves in the cold plasma approximation.
The Poynting vectors are nearly parallel to B 0 (θ pB < 15°) at higher latitudes in the Northern Hemisphere (>55°). The angle θ pB is around 25°at latitudes from 15 to 50°, and it decreases to values < 15°at the latitudes between 5 and 15°(i.e., again nearly parallel to B 0 ). However, the Poynting vectors at the equatorial latitudes is oriented almost perpendicular to the geomagnetic field. The orientations of the Poynting vectors in the Southern Hemisphere are similar to those in the Northern Hemisphere, but they are antiparallel to the ambient magnetic field (i.e., the Poynting vectors are generally oriented away from the geomagnetic equator). There is a sudden change in the Poynting vector direction at the equator, and within about 5°from the geomagnetic equator the Poynting vectors seem to be mostly perpendicular to B 0 . This corresponds well to wave normal angles close to 90°observed in this latitudinal region in Figure 2a . 
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The deviation of the Poynting vector from the direction toward the Earth's center (θ pr angle) is shown in Figure 3c as a function of the geomagnetic latitude. The φ pr angle shown in Figure 3d corresponds to the azimuth of the Poynting vector around the vertical direction. The distribution of θ pr angle shows oblique downward Poynting vectors at latitudes between À20°and +20°. Distribution of the φ pr angle at these latitudes indicates that Poynting vectors are inclined outward from the equator. At higher latitudes we observe predominantly downward radial Poynting vectors for which the variation of the azimuthal angle is not relevant.
The distribution of the calculated values of ellipticity of the magnetic field fluctuations as a function of the geomagnetic latitude is color coded in Figure 3b . The obtained results are in agreement with the results obtained for the wave normal angles and the theory of electromagnetic waves in the cold plasma approximation. The waves are right-handed, nearly circular polarized (E B > 0.5) in the whole range of the analyzed geomagnetic latitudes. The only exception is the region within about 5°from the geomagnetic equator, where the ellipticity seems to abruptly decrease to 0 again in agreement with the cold-plasma theory for R-X mode.
Discussion
While the wave vector directions observed at the DEMETER altitudes are nearly field-aligned at larger geomagnetic latitudes, they become gradually oblique at lower geomagnetic latitudes and, eventually, even perpendicular at the geomagnetic equator. They, however, always stay nearly perpendicular to the Earth's surface, directed downward to the Earth. This high latitude region corresponds to L shells > 3 which is likely a region close to the magnetic field tube where these emissions could be generated [Titova et al., 2015] . The observed nearly field-aligned wave vectors might be consistent with ducted propagation of QP emissions from the source region down to the low altitude at higher latitudes, in agreement with the results observed by Manninen et al. [2014] . Similar effect can be, however, also consistent with unducted propagation from a source generating waves at high wave normal angles [Santolík et al., 2006b] . The propagation pattern of QP emissions observed at higher geomagnetic latitudes is also similar to previous observations by the Freja spacecraft [Santolík and Parrot, 1999] and to simulation results of the whistler mode wave propagation by Bortnik et al. [2011] . Such waves can propagate from their origin to the higher latitudes where they enter into the plasmasphere, then moving earthward to lower altitudes where they were observed by DEMETER. This is also consistent with statistical properties of intense whistler mode waves which appear to be mostly field aligned during the propagation from their source region.
There are two particular features in the latitudinal dependence of the wave propagation parameters, which deserve further attention. First, there is a change in behavior of the wave parameters at the latitudes of about ±50°. This change is might be related to the plasmapause effects. The projection of an average plasmapause position to DEMETER altitudes is at latitudes about ±60° [McPherson and Koons, 1970] . Whistler mode waves guided by the plasmapause can deflect at altitudes of a few thousand of kilometers, and they can propagate at lower latitudes [Inan and Bell, 1977] , hence possibly explaining the change at ±50°.
The second important feature is the behavior of the wave parameters close to the geomagnetic equator. Although the amount of data at low latitudes is limited, it appears that the perpendicular propagation of the waves close to the equator is a real effect. We note that such propagation is possible only for frequencies lower than the lower hybrid frequency. This would suggest a presence of an additional group of QP emissions which propagate from larger radial distances close to the equatorial plane. It might correspond to lowaltitudinal observations of recently reported equatorial noise with a quasiperiodic modulation [Boardsen et al., 2014; Fu et al., 2014; Němec et al., 2015] . This type of QP emissions is generated with wave vectors nearly perpendicular to the geomagnetic field by instable ion distributions [Gurnett, 1976] at frequencies below the lower hybrid frequency. Taking into account that the frequencies of the observed waves are generally larger than about 500 Hz, this would indicate that the source region of these emissions has to be at radial distances lower than about 3.4 R E .
In summary, the observed QP emissions exhibit a propagation pattern with a changing wave normal direction with respect to the local geomagnetic field. This probably reflects different regions through which the waves propagate and possibly also their different source mechanisms. The observed wave vectors are, however, always nearly perpendicular to the Earth's surface, allowing the waves to propagate through ionosphere and Geophysical Research Letters 10.1002/2015GL067373 to be subsequently detected on the ground. Our results thus can contribute to explanation of QP occurrence in the ground-based VLF recordings [Manninen et al., 2013 [Manninen et al., , 2014 Titova et al., 2015] .
